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Assessment of Seismic Stability of Earth Dams by
Comparative Methods
Rodney J. Huang
Senior Geotechnical Engineer, Harza Engineering Company, Chicago, Illinois, USA

Marshall L. Silver
Professor of Civil Engineering, University of Illinois, Chicago, Illinois, USA

SYNOPSIS Seismic stability of embankment dams and their foundations has been a major concern in
recent years because of notable incidents such as the behavior of the Lower San Fernando dam in the
San Fernando Earthquake. Sophisticated and involved analytical methods have been developed to study
the behavior of dams in earthquakes. Predicted seismic behavior agrees well with measured seismic
behavior in the few case histories that exist of seismically induced distress in dams.
However, for many dams, the level of information or effort required for a complete sophisticated
seismic analysis is not warranted. For such cases it is possible to perform a simplified seismic
analysis using a comparison of the results of rigorous seismic studies on dams with similar dimensions and material properties. One such comparative analysis procedure is presented with case histories showing how the techniques may be applied to actual studies.

INTRODUCTION

OBSERVATIONS OF ACTUAL FIELD PERFORMANCE

Rigorous analytical techniques have been
developed to assess the seismic stability of
embankment dams. Such methods require detailed
and comprehensive studies of 1) site seismology
2) static embankment stresses 3) earthquake
induced dynamic stresses and 4) dynamic soil
stress-strain and strength properties
(1, 2, 3).
Such studies can be very complicated and invo 1 ved..
On the other hand, less
rigorous methods, such as the "pseudo-static"
analyses often do not model field performance

Study of case histories provides an important
insight for developing simplified dynamic
analysis techniques for darns.
Such case histories provide guidance on what dam types and
material characteristics perform well and not
so well in earthquakes. Lessons obtained from
observations of the field performance of earth
dams subjected to earthquakes nave been
reviewed by Seed and his co-workers (5, 6).
The seismic performance of a number of earth
dams in California subjected to earthquake
shaking has been welJ documented in these
reviews. In many cases, the seismic behavior
observed in the field agreed with the seismic
behavior predicted using sophisticated analysis
procedures.

(4).

Over the last few years a number of rigorous
analytical studies of embankment dams have been
performed using detailed seismic, static
stress, dynamic stress and material property
evaluations.
Thus, it should be possible to
evaluate the calculated seismic performance of
one of these analyzed dams with the performance
of other previously unanalyzed dams if the embankments have similar physical
characteristics.

Field observations show that hydraulic fill
dams do not perform well under strong shaking
produced hy major earthquakes.
On the other
hand many hydraulic fill darns perform well under moderate shaking. The level of acceptable
performance may be on the order of 0.2g from
Magnitude 6-1/2 earthquakes.
Field observations also show that darns constructed of clayey
soils on clay or rock foundation have withstood
extremely strong shaking ranging from Q.35g to
O.Bg from Magnitude 8-1/4 earthquakes with no
apparent damage.

For sue~ a simplified evaluation a review of
case histories and perhaps a limited amount of
computer analysis, using simplified dynamic
analysis techniques, may provide sufficient
information to judge the seismic adequacy of an
embankment.
In many cases, for a well constructed embankment dam, these simplified
comparative techniques may show the dam to have
adequate seismic stability and other more
rigorous evaluation methods may not be
required. This paper describes the use of such
an approach and presents several case histories
of simplified darn design in highly seismic
areas in Central and South America.

Seed (6) concluded that "a primary cause of
damage or failure is the build-up of pore water
pressures in the embankment and the possible
loss of strength which may occur as a result of
these pore pressures".
Observation of free
field pore pressure build-up have been documented and published (7, 8). Simplified charts
showing the characteristics of sites that have
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3 other dams, the Tavera-Bao dam in the
Dominican Republic, the La Honda Dam in
Venezuela and the Colihues Dam in Chile.

and have not suffered distress due to seismic
pore pressure build-up can be a very useful
guide for comparative methods for the evaluation of the probable performance of embankment
dams. One such liquefaction correlation chart
involving the use of standard penetration test
results, cyclic stresses, and earthquake
Magnitude is given in Figure 1 (8).
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TABLE I. Comparison of Seismicity

Site
Characteristics

Upper San Leandro
Dam

Tavera-Bao Dam

La Honda Colihues Dam
Dam

7.5

7.5

8.25

7.0

5

15

20

20

0.70

0.44

.50

0.65

20

15

20

5

Bed Rock

Bed Rock

Sandstone
Rock

Stiff
Soil

0.2

CfJ

Soil Properties

0.1

It has been found that the grain size of embankment dam materials has an influence on
liquefaction resistance (5, 9). Liquefaction
resistance may be evaluated using the following
equation proposed by Iwasaki and Tatsuoka (10):

a::;;:

oa::
a.tCfJ

0
0

10

20

30

40

MODIFIED PENETRATION RESISTANCE,
N1-Biows/Feet
FIGURE 1. Design Curves for Evaluating Field Liquefaction Resistance
of Sands Under Level Ground from Standard Penetration
Test Data (Based on Seed, 1982)

in which N = blow count from standard penetration tests, a~
= effective overburden stresE
in Kg/cm2, and f(D ) = 2.55 log (D 50 ;o.35) for
n50 = 0.04 - 0.6mm50and = 0.567 for D50 = 0.6 l.Smm.

SIMPLIFIED ANALYSIS TECHNIQUE
Introduction

It should be not.ed that the Iwasaki-Tatsuok<
equation gives greater strength than the Seec
relationship (Fig. 1) for looser and/or finel
sands, whereas the Seed relationship predictl
greater strength when the soil is denser and/ol
coarser for earthquake magnitudes greater thar
7.5 or a.

A simplified seismic analysis method must contain all elements of a rigorous seismic
analysis method:
1) seismicity 2) soil
properties and 3) an evaluation of deformations
and liquefaction potential. Using information
from case histories and the results from
rigorous seismic studies, the effort required
to perform each element may be simplified for
many studies.

The influence of soil density and gradation or
resistance to liquefaction can also be es·
timated by using the relationship betweer
cyclic loading resistance and the shear monulul
parameter, K2 max:

Seismicity
An evaluation of site seismicity is the first
and probably the most important step in t~e
study of the seimsic stability of an earth darn.
Seismicity studies will result in the postulation of maximum credible earthquakes, and their
respective distance from the damsite. Any one
or a combination of the following techniques
may be useo.:
fault studies, deterministic
analysis, and/or probabilistic analysis.

(2

where G is the shear modulus in psf and
cr ' c
is the effective confining pressure in psf. 3
Using data such as given in Figure 2, the liquefaction strength of untested materials cai
be evaluated based on the modulus factor K
.
2
Such a comparison is given in Table II form~e
rigorously analyzed Upper San Leandro Dam anc
the other darns being considered.

Typical seismic design parameters for the Upper
San Leandro darn, a dam that has been rigorously
analyzed (4), are given in Table I.
Also
presented are the seismic design parameters for
1124
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4.0

the effects of anisotropy and seepage forces.
This adjustment is roughly 20% to 40% in the
upstream portion of an embankment.
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The permanent deformation analysis method
proposed by Makdisi and Seed (13) considers
the deformable nature of an earth structure
when subjected to earthquake excitation.
The method, proposed by Sarma (2) on the
other hand, uses the assumption of a rigid
block on an inclined plane rather than a
deformable body.
Both methods require
determination of 1) crest acceleration, 2)
variation of maximum acceleration with
depth, 3) fundamental period, and 4) yield
acceleration.

FIGURE 2. Cyclic Loading Resistance of Earth Dam Shell Materials
Versus the Modulis Parameter K2 max.

TABLE II. Comparison of Cyclic Loading Resistance

1.Resimnce
Effective
Pressure

Upper San Leandro
Dam

a·3c, ksc
2.0 ksc
4.0 ksc
6.0 ksc

2.Characteristics
K2 max
Shell Materiel
Type

Permanent

i?o:ten.trar-

Tevera-Beo Dam

La Honda

Colihues Dam

Dam

For the Makdisi-Seed procedure, the approximate crest acceleration and
fundamental period may be calculated using
the computer program SHAKE (14). To determine the maximum average acceleration in
the body of the darn for the crest acceleration determined by SHAKE, the curves shown
in Figure 3 and Figure 4 may be used in the
Makdisi-Seed and Sarma procedures,
respectively.
Fundamental dam periods
using Sarma's procedure can be obtained
using the chart presented by Ambrasey and
Sarma ( 15).

Cyclic Loading Resistance, rJd/2, ksc

1.25
1.78
2.08

1.50
2.00
2.30

110

70
Sand & Gravel

Rock fill

1.20
1.60
1.85

61
Sandstone

2.05
2.55

2.79

122
Sand.Gravel,
Cobbles

Deformation

0

A simplified analysis may be utilized to determine values of earthquake induced deformations
and liquefaction potential in a dam.
The
results of a simplified analysis performed on
one darn can then be compared with the result of
a rigorous analysis performed on a second darn
to give confidence that the simplified analysis
is appropriate.

0.2
"Shear of Slice"
(Range for All Data)
0.4

The analyses steps are 1) A pseudo-static
dynamic slope stability computation is performed using limit equilibrium methods and 2) a
dynamic column analysis is performed using one
dimensional wave propagation methods.

0.6

The first analysis gives the yield acceleration
for the slope while the second analysis gives
the response spectra and the acceleration and
stress time histories at various depths in the
soil column. The column analysis assumes level
ground and free field wave propagation.
However, calculated values of maximum acceleration and fundamental period are somewhat lower
than values under a sloping embankment.
Therefore, an adjustment is usually made to the
effective vertical stresses to compensate for

0.8

0

0.2

0.4

0.6

0.8

1.0

kmaxiUmax

FIGURE 3. Variation of "Maximum Acceleration Ratio" with Depth of
Sliding Mass (From Makdisi and Seed, 1978)
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Permanent Deformation Assessment.
The
simplified permanent.-a:eforrnation analysis
was first proposed by Newmark (11) in 1965.
He proposed that movements in an embankment
begin to occur if the earthquake induced
inertia forces on a potential sliding mass
are greater than some yield acceleration.
Applying this concept, displacements are
computed by double integration of the value
of acceleration on the potential sliding
mass in excess of the yield acceleration.
Recent extensions and refinements of the
method have been developed by Seed and his
co-workers (12, 13) and by Sarma (2).

However, Table III shows that a qood compar is on must consider the effect-of stress
anisotropy and seepage forces.
These factors may be included in the column analysis
for the determination of the cyclic shear
strength of the new site as follows:

Damping 20%
2.0
Kn

n = 0.2
= 0.4
= 0.6
= 0.8
= 1.0
1.5

1.0

0
0

0.5

1.0

Tcy

SECOND

(Tcy)

0

Ka • Kv . . . . . . . . . . (3)

•

where (Tcy)
is the cyclic strength of the
soil wi tnoS't considering stress anisotropy
and seepage forces. Ka and K are correction factors considering th~ effects of
initial static stress ~atios and overburden
pressure (Figure 5).

a) AVERAGE SIMULTANEOUS SEISMIC COEFFICIENT, Kn
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FIGURE 4. Sarma's Procedure in Determination of Maximum Average
Acceleration (After Ambrasey and Sarma, 1967)

0.05 0.10 0.15 0.20 0.25 0.30
STATIC STRESS RATIO, a

It has been found that values of permanent
deformation based on the strain potentials
calculated using rigorous finite element
analysis are within the range of values
calculated using simplified methods.
For
example, an evaluation of permanent deformation values obtained from a column
analysis compare favorably with values obtained from a sophisticated finite element
analysis as shown in Table III.
TABLE Ill.
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U, em

Finite Element Method

Strain
Potential

Makdisi and Seed:
Maximum
Displacement
at dam mid·
height (below
crest)

Note:

FIGURE 5. Correction Factors on Cyclic Strength for Column Analysis

Example Source

Method

Column Method

40

N.A.

Coli hues

239

N.A.

La Honda

35.4

s.o·

Coli hues

24.0

Coli hues

240

NAv.

La Honda

2.

There are basically two methods available
for evaluating the cyclic liquefaction
potential of darn embankment or foundation
materials subjected to earthquake shaking.
The first method is based on field observation of the performance of sand deposits in
previous earthquakes. A comparison of insitu characteristics of deposits that have
and have not performed well in earthquakes
determines the potential behavior of new
sites.

•without application of adjustment for stress anisotropy and
seepage forces.

The second method is based on an evaluation
of cyclic stress conditions likely to be
developed in the field by the design

N.A. - Not Applicable
N.Av.- Not Available
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Liquefaction Potential Assessment

earthquake.
The earthquake induced
stresses are compared with stresses that
cause liquefaction of representative
samples in the laboratory.
Cyclic
laboratory soil tests provide an adequate
simulation of field performance permitting
an assessment of insitu soil behavior. The
two I!1etho0.s are quite different in the manner in which the field liquefaction
characteristics are determined but invo 1 ve
the same bas~c approach.

The liquefaction potential may be obtained
using the comparative approach as forlows:
DSR

=fz

(-rl/o~ l

(-rnlmax
L

a'
0

LRe

<~ax>Re

L

R/L

g

. .

(11)

Therefore
LRe

~ax

FL

L

(FL)

( 12)

Re

where the subscript Re refers to values of
the referred dam where detailed evaluation
has been studied, and DSR is a dynamic
stability factor. A typical comparison of
liquefaction potential from finite element
and column methods is given in Figure 6 for
the Colihues Dam.
Another comparison is
given in Table IV for the Tavera-Bao darn
when compared to the upper San Leandro Darn.

and

c 1;o. 65
A max

. .. .

.

(4)

where F = 1 - FL in which FL
R

l)nax

DSR

<RmaxlRe

o F · W(z) dz . .

• . • (10)

in which

The liquefaction potential, PL, first
proposed by Seed and Idriss (16) and later
modified by Iwasaki, et al ( 17), can be
expressed by the following equation:
PL

(FL) Re' •• • • • • • • •

(5)

oo

-0-,--

.

yd

.

Cs

(6)

0

where.( Th)max =maximum shear stress, amax
= max~mum acceleraton at the ground surface, 1
=total overburden pressure,
rd = re~uction factor for dynamic stress =
l.O-O.Ol5Z where z =the dept8 in meters,
W(Z) = 10-0. 5Z, c , = (20/N ) • , a factor
1
1
to relate the number of equivalent cycles,
N , generated in an earthquake, Cs = 1.0
1 depending on the slope of surface, and
1.4
N = the Standard Penetration Test value.
The v.alue off ( Th).J:Uax can db~ alt~rnat ively
obta~ned
rom tae one .~rnens~ona wave
propagation analysis with application of C
factor.
The value of resistance, R, re~
quired to cause liquefaction of the soil at
any site may be alternatively determined
by laboratory tests on typical soil
samples:

SOIL COLUMN
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0

The value of C is expressed as a function
of relative d~nsity ranging from 0.55 at a
relative density of 40 percent to about 0.7
at a relative density of 85 percent. The
relative density, D , may be expressed by a
number of relationsflips including (18):

N
\
+ 0.7

1.0

2.0
FL

3.0

4.0

FIGURE 6. Liquefaction Potential Values Obtained From Comparative
Method for the Same Dam
TABLE IV.

(8)

Estimation of the Expected Performance from the
Comparative Method for Liquefacion Analysis

Characteristics and Performance

The chart in Figure 1 presents cyclic
stress ratio, R', in which R'
0.65R,
against liquefaction in graphic form.
The
Figure involves the use of a Standard
Penetration Resistance N = C .N, where C
is a function of the ovetburdRn pressure a~
which theN-value is measured.
The cyclic
stress ratio, R
, can be obtained from
the relationship~alor the stress anisotropy
and seepage force correction:

Magnitude

Postulated Eanhquakes

7.5

35-40

25

amax,9

0.44

0.4

Dista nee, Km

• Tavera-Bao Dam
(From Comparative Study)

1127

7.0

Duration, sec

15

Performance:
• San Leandro Dam
(From Sophisticated Study)

(9)
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Foundation
FluvialGravel

Column Analysis

5
Moderate to high
failure potential

30% more Stable
than Leandro Dam

CONCLUBIONS
Simplified methods are a meaningful way to assess the seismic stability of embankment dams.
One such methods, based on dam comparisons
using the results of a simplified dynamic
column study, a pseudo-static analysis, field
standard penetration test and/or laboratory
cyclic strength test, is presented. The time
and effort involved in using a comparative
method is negligible with respect to the time
and effort involved in a rigorous study.
In
many cases the comparative study will be sufficient to show that seismic safety is clearly
adequate.
When the comparative study shows
marginal or inadequate seismic safety, a
rigorous analysis may be needed to further
define seismic safety or to design remedial
seismic strengthening methods.
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